A systematic study of the photocurrent activity and the nanostructure of a TiO 2 indium tin oxide ͑ITO͒ electrode prepared using reactive sputtering was carried out. The photocurrent was measured in 0.1 M NaClO 4 aqueous solution using an amperometric method under irradiation. The total conversion efficiency ( eff ) was estimated. Various photoelectrode TiO 2 films were synthesized by controlling deposition times, sputtering powers, total pressures, and the mole percentage of oxygen used in reactive sputtering. The physical properties of the TiO 2 film such as the crystal phase, particle size, bandgap energy, and thickness were characterized using X-ray diffraction ͑XRD͒, scanning electron microscopy ͑SEM͒, UV-visible spectroscopy, and profilometry. The results indicated that the optimal photocurrent was obtained at a thickness of approximately 1.2 m and mean particle size of approximately 50 nm. The ͑112͒-preferred orientation anatase shows higher photocurrent than ͑101͒-orientation anatase due to its regular columnar structure. The phase diagram of the prepared TiO 2 film defined by sputtering power and total pressure was also studied. Energy sources and environmental protection are two important research issues that are driving the development of potential methods which employ semiconductors in applications such as solar energy transformation, hydrogen generation, and pollutant decomposition.
Energy sources and environmental protection are two important research issues that are driving the development of potential methods which employ semiconductors in applications such as solar energy transformation, hydrogen generation, and pollutant decomposition. [1] [2] [3] [4] [5] [6] [7] [8] For commercialization, TiO 2 is a commonly used semiconductor due to its excellent chemical and mechanical stability and its good redox ability. TiO 2 semiconductors can be formed on conductive substrates for photoelectrochemical applications. [7] [8] [9] There are several methods for TiO 2 thin-film formation: the solgel process, chemical vapor deposition ͑CVD͒, and the sputtering method. [10] [11] [12] Among these methods, the sputtering method has received considerable interest for preparing high-quality thin films which have good adhesion to substrates at relatively low substrate temperatures. 13, 14 The sputtering method has been applied to preparing high-performance TiO 2 thin films as photocatalyst.
Although sputtering techniques have been used to prepare TiO 2 film for a long period, the effect of sputtering conditions on the photocurrent activity has seldom been reported. 9 The photocurrent activity was different from the photocatalytic activity because the electric field effect on different semiconductors or nanostructures is different. Under an applied bias potential of 2 V, the rutile-phase TiO 2 showed photocurrent activity as high as the anatase TiO 2 , while the photocatalytic activity of anatase was superior to rutile. 8 Anatase TiO 2 prepared by CVD with ͑101͒ or ͑112͒ preferred orientation had distinctive nanostructures. 11, 15, 16 However, the effect of nanostructure changes on the photocurrent activity was not investigated systematically.
In this work, nanocrystalline TiO 2 thin films were prepared by dc reactive magnetron sputtering. Controlling the total pressure, sputtering power, oxygen mole percentage, and deposition time led to the formation of TiO 2 films with various nanostructures. The TiO 2 films were characterized by surface profilometry, X-ray diffraction ͑XRD͒, scanning electron microscopy ͑SEM͒, and UV-visible ͑UV-vis͒ spectroscopy. The photocurrent activity of the TiO 2 electrode was evaluated by applying a bias potential. The effect of the nanostructure of the TiO 2 films on the photocurrent activity was investigated.
Experimental
Sample preparation.-TiO 2 was deposited onto indium-tin-oxide ͑ITO͒ glass substrates (75 ϫ 20 ϫ 1 mm͒ using the reactive sputtering method to prepare a TiO 2 /ITO electrode. The sputtering system was a cylindrical stainless steel vacuum chamber 40 cm in diameter and 35 cm in height. The sputtered Ti target ͑Target Materials, Inc.͒ with a diameter of 5.08 cm, a thickness of 0.64 cm, and a purity of 99.7% was fixed below the magnetron sputtering cathode ͑ONYX-2, Angstrom Sciences͒ powered by a dc plasma generator ͑PFG1500DC, Hüttinger͒. The optimal target-substrate distance was * Electrochemical Society Active Member.
z E-mail: tcchou@mail.ncku.edu.tw Figure 1 . ͑a͒ Resistance measurement setup. ͑b͒ Photocurrent measurement setup for water splitting: ͑1͒ power supply of light, ͑2͒ housing of light bomb, ͑3͒ potentiostat/galvanostat, ͑4͒ divided cell with cooling water jacket for controlling temperature, ͑5͒ TiO 2 /ITO ͑WE͒, ͑6͒ Pt plate ͑CE͒, ͑7͒ Ag/ AgCl ͑RE͒, ͑8͒ NaClO 4 aqueous solution, and ͑9͒ stirrer. determined as 6 cm. Ar and O 2 with a high purity of 99.99% were used as the sputtering and reactive gases, respectively. N 2 was used to vent the chamber. The sputtering chamber was evacuated using an oil diffusion pump ͑ULK-06A, ULVAC JAPAN Ltd.͒ backed by a mechanical pump ͑PPM2015, Alcatel͒, giving an ultimate vacuum of 5 ϫ 10 Ϫ6 mbar. Before each entry, the chamber was pumped down to 5 ϫ 10 Ϫ6 mbar to exclude the chamber gas. The target was presputtered in a pure argon atmosphere until the plasma color changed from pink to blue, indicating the removal of surface oxide on the target. The TiO 2 deposition process was carried out in an Ar and O 2 gas mixture with the preparation parameters being controlled carefully within desired set points, i.e., oxygen mole percentage in the range from 4 to 100%, total pressure in the range from 8 ϫ 10 Ϫ3 to 6.4 ϫ 10 Ϫ2 mbar, and sputtering power in the range 60-300 W. The prepared thin film was partially sealed with Teflon tape to define the 1 cm 2 working electrode area. The TiO 2 thin film was also deposited onto Si wafers to determine the film thickness and onto glass substrates for XRD, SEM, and UV-vis measurements.
Physical characterization.-The film thickness was determined by surface profilometry using a Tencor Alpha-Step 200 instrument. The crystal structure of the TiO 2 film was analyzed using XRD with a Cu K␣ radiation source. The applied current and voltage of the X-ray diffractometer ͑D/max3.V, Rigaku͒ were 30 mA and 40 kV, respectively. The scanning diffraction angle ͑2͒ range was from 20 to 60°at a speed of 4°min Ϫ1 . The patterns obtained were identified according to the PCPDFWIN Powder Diffraction File ͑International Center for Diffraction Data͒. Film morphology was observed using high-resolution analysis electron microscopy ͑SEM, S4100, Hitachi͒. Before SEM was carried out, a thin Pt film was sputtered onto the sample. The mean particle size was obtained by measuring 100 particles in a specified area. The UV absorption spectrum of TiO 2 was measured by the diffuse reflection method using a spectrophotometer ͑Jasco 7850, Japan Spectroscopic Co., Ltd.͒ equipped with an integrating sphere ͑TIS-417͒. The TiO 2 film resistance was estimated from the current-potential curve which was obtained by a potential sweep from 0 to 1.5 V using a potentiostat/galvanostat ͑273A, EG&G͒, as shown in Fig. 1a . The ITO electrode and screenprinted Ag were used as the anode and cathode, respectively.
Photocurrent measurement.-The photocurrent activity was measured in a classical three-electrode electrochemically divided cell combined with a potentiostat/galvanostat, model 270 electrochemical analysis system, as shown in Fig. 1b . The cell was kept at 30°C using a cooling jacket and set at a distance of 10 cm from the irradiation lamp. The working electrode ͑WE͒ was the prepared TiO 2 /ITO electrode, the counter electrode ͑CE͒ was a Pt plate (1 ϫ 1 cm 2 ͒, and the reference electrode ͑RE͒ was an Ag/AgCl KCl͑sat•d) electrode. Bias potential from Ϫ1.00 to 2.50 V ͑vs. Ag/AgCl͒ was applied to measure photocurrent. The supporting electrolyte was aerated 0.1 M NaClO 4 aqueous solution. The reaction vessel was irradiated by a super-high-pressure Hg ͑Xe͒ lamp ͑68820 universal power supply and 66020 lamp housing, Oriel͒, which was operated by adjusting the output in the range from 500 to 900 W. The incident light intensity was measured using a radiometer ͑UVP͒.
Results and Discussion
Physical characterization of TiO 2 film.-The crystal structure.- Figure 2 shows the XRD patterns of TiO 2 films prepared under different sputtering conditions. All TiO 2 films exhibited the anatase phase but the preferred orientations and crystallinity were different. Figure 2a shows the effect of changing the sputtering power on the TiO 2 crystal structure. At a sputtering power of 60 W, the film developed a nearly amorphous structure except for a small ͑101͒ peak. Increasing the sputtering power increased the film crystallinity. The films presented a preferred orientation along the ͑112͒ plane when the sputtering power was larger than 210 W. Under pure oxygen atmospheric conditions with a total pressure of 6.4 ϫ 10 Ϫ2 mbar, increasing the sputtering power not only changed the crystallinity of the TiO 2 film but also the preferred orientation.
The preferred orientation is related to the film formation condition. Changing sputtering power directly changes the kinetic energy of the sputtered particle such as oxygen or argon ion. At higher sputtering power, sputtered particles bombard the Ti target with higher kinetic energy and cause more target atoms or molecular groups such as Ti and TiO 2 to be sputtered. These sputtered groups have higher mobility when they arrive at the ITO substrate at higher sputtering power. The formation of different orientation anatase was attributed to the change of deposition rate and particle mobility and rearrangement during crystallization that was verified in the formation of ͑112͒-preferred orientation anatase by CVD. 11, 15, 16 However, the detailed mechanism for the formation of ͑112͒-orientation anatase in sputtering needs further study.
At low sputtering powers with decreased total pressure, a higher ͑101͒ peak intensity was obtained, as shown in Fig. 2b . Because the energy loss from sputtered particles coming from collisions with other particles was reduced, the energy of the particles arriving at the substrate surface was high enough for surface diffusion and larger crystallinity was formed. As shown in Fig. 2c , the ͑101͒ peak intensity was increased with the oxygen mole percentage and reached a steady value at 25% oxygen mole percentage. This indicated that the oxygen content in gas phase was sufficient to form a stoichiometric TiO 2 film.
Phase diagram.-Based on the XRD patterns, the schematic phase diagrams were constructed as shown in Fig. 3 . Because the sputtering power and total pressure had a strong effect on the phase composition of the TiO 2 films, phase diagrams were defined by these two variables with the oxygen mole percentage at 4% ͑in Fig. 3a͒ and 100% ͑in Fig. 3b͒ , respectively. The phase diagram was divided into four regions. An anatase preferred orientation transformation between ͑101͒ and ͑112͒ was observed. In general, oxygen partial pressure is an important variable that affects the film structure in reactive sputtering. We compared oxygen concentration of 4 and 100 mol %, as shown in Fig. 3a and b, respectively. However, the change in oxygen mole percentage only slightly affected the phase diagram profile.
From these results, ͑112͒-preferred orientation anatase could be obtained by precisely controlling the sputtering power and total pressure. It was observed that ͑112͒-preferred orientation anatase was formed at a total pressure larger than 3.2 ϫ 10 Ϫ2 mbar based on a suitable sputtering power of 250 W. Rutile phase, which is known to have poor photocatalytic activity, appeared at higher sputtering power and lower total pressure region. The phase diagrams presented ͑112͒-preferred orientation anatase as significantly different from that in other studies. [17] [18] [19] [20] In this system, changing the total pressure and sputtering power were effective in depositing ͑112͒-preferred orientation anatase.
Morphology.- Figure 4 shows SEM images of anatase film with ͑101͒-and ͑112͒-preferred orientations. From the side-view images ͑a2 and b2͒, a regular columnar structure was found in the ͑112͒-preferred orientation anatase that was significantly different from the ͑101͒-orientation anatase with an irregular structure. The film was composed of irregular grains and columnar grains for ͑101͒-and ͑112͒-preferred orientation anatase, respectively. The columnar structure of the ͑112͒-preferred orientation TiO 2 prepared by sputtering was similar with that produced using the CVD in a previous . Sputtering condition: gas O 2 /Ar ϭ 1/3, total pressure 1.6 ϫ 10 Ϫ2 mbar, power 210 W.
study. 15, 16 The accumulation of TiO 2 film formed by reactive sputtering is dense. However, from the top view, the morphology is coarse and some concavities between the grains on the surface are found ͑b1͒ because the length of each column is different. Figure 4c and d shows the morphology of the TiO 2 films prepared at total pressures of 8 ϫ 10 Ϫ3 and 6.4 ϫ 10 Ϫ2 mbar, respectively. A denser structure is obtained at lower total pressure. The effect of sputtering power on the morphology is shown in Fig. 4e and f. Based on the surface observation, the mean particle size and size of concavities on the surface increased with sputtering power.
The mean particle size was enlarged from 32 to 72 nm when the sputtering power was increased from 60 to 300 W.
Bandgap energy.- Figure 5 shows the UV-vis absorbance spectra of the TiO 2 film. The bandgap energy was evaluated based on the method in Ref. 21 . By increasing the sputtering power from 60 to 240 W, the bandgap energy was decreased from 3.42 to 3.2 eV. However, a steady value of 3.2 eV was produced when the sputtering power became larger than 240 W. The bandgap energy blue shift phenomenon was observed when the grain size changed from 33 to 17 nm as evaluated by XRD ͑in smaller than 29 nm. 22, 23 Therefore, it was believed that the grain size smaller than 22 nm in this study would affect the light absorption. A semiconductor with lower bandgap energy absorbs more photoenergy; therefore, a semiconductor with a bandgap energy of 3.2 eV presents higher photocurrent than a semiconductor with a bandgap energy of 3.42 eV.
Resistance.- Figure 6 shows the I-E curves of Ag/TiO 2 /ITO samples with various preferred orientations, ͑101͒-and ͑112͒-anatase, of the TiO 2 film. The resistance of coated Ag and ITO for each sample was the same and they were small compared with TiO 2 . The resistance difference between the samples was ascribed to a change in the TiO 2 nanostructure. According to a quasi-ohmic contact calculation, the resistance of ͑101͒-orientation anatase was about twice that of ͑112͒-orientation anatase. This indicated that the columnar structure of ͑112͒ anatase has lower resistance than the irregular structure of ͑101͒ anatase.
Photocurrent activity of TiO 2 /ITO electrode.-
The typical photoelectrochemical activity of the electrode at an applied potential was determined using photocurrent measurements. The current responses of the TiO 2 /ITO electrode with ͑photocurrent͒ and without ͑dark current͒ irradiation with the applied bias potential from 0 to 1 V ͑vs. Ag/AgCl͒ are shown in Fig. 7 . As illumination started, the current was increased instantaneously and reached a steady state with each applied bias potential. No current was observed when the light was turned off, even when the applied potential was as high as 1 V. The current measured from this photoelectrochemical system was induced from the photoexcitation of electrons and holes and can be considered as a photocurrent. Figure 8a shows the effect of the applied bias potential on the photocurrent of the TiO 2 /ITO electrode. The photocurrents, obtained from light powers of 500, 700, and 900 W, were increased with applied bias potential and approached a steady value when a high bias potential was applied. Because no dark current was observed, even at high potentials on the TiO 2 /ITO electrode, the ITO surface was coated with TiO 2 to prevent water electrolysis on the TiO 2 /ITO electrode from occurring. The flatband potential of the TiO 2 /ITO electrode was evaluated using the photocurrent onset method. The value of the flatband potential was about Ϫ0.4 V ͑vs. Ag/AgCl͒, which agreed with the result from previous studies. 24 The total conversion efficiency ( eff ) of light and electrical energy to chemical energy in the presence of an external applied potential can be expressed as 25 % eff ϭ j p ϫ E rev 0 ϫ 100/I 0 ͓1͔
where j p ͑in mA m
Ϫ2
͒ is the photocurrent density, E rev 0 is the standard state-reversible potential ͑which is 1.23 V for the watersplitting reaction͒, and I 0 ͑in mW m Ϫ2 ͒ is the intensity ͑power density͒ of the incident light. Figure 8b shows the total conversion efficiency ( eff ) with applied bias potential. The lower light power had higher eff . The eff increased with increased applied bias potential and a steady value of 10-20% was obtained. This indicated that the applied bias potential promoted TiO 2 photoactivity. The anodic bias caused electron migration in the TiO 2 film to the external circuit that could suppress electron and hole recombination. The holes accumulated at the film surface would become trapped holes ͑i.e., •OH surface radicals͒ poised to initiate photo-oxidative degradation of adsorbed substrates.
Effect of sputtering atmosphere on photocurrent.-Total pressure.- Figure 9 shows the total pressure effect on the TiO 2 /ITO electrode photocurrent. The photocurrent increased slightly from 207 to 253 A cm Ϫ2 ͑1 V bias potential͒ with decreasing total pressure from 6.4 ϫ 10 Ϫ2 to 8 ϫ 10 Ϫ3 mbar. The crystallinity of ͑101͒-orientation anatase was enhanced with decreasing total pressure ͑from Fig. 2b͒ . In general, the photocatalytic activity was affected by the crystallinity. A higher order structure is also beneficial in obtaining high photocurrent activity. Conversely, amorphous solids have a disorderly arranged structure that decreases the photocurrent, because many defects result in hole and electron recombination. 26, 27 Oxygen mole percentage.-The oxygen mole percentage effect on the TiO 2 /ITO electrode photocurrent was observed as shown in Fig. 10 . The photocurrent was increased from 108.5 to 227 A cm Ϫ2 when the oxygen mole percentage was increased from 4 to 25%. Increasing the oxygen mole percentage to 100%, a maximum photocurrent was found at the critical oxygen mole percentage value of 25%. The sputtering atmosphere strongly affected the TiO x film composition, further altering the photocurrent performance. In the argon and oxygen plasma system, if the oxygen mole percentage was smaller than 25%, x was believed to be in the range 0 Ͻ x Ͻ 2. If the oxygen mole percentage was greater than 25%, x was thought to be у2. Other investigators using 10-40% oxygen mole percentage reported similar results. 21, [28] [29] [30] [31] Photocurrent related to physics properties.-Particle size .- Figure 11 shows the mean particle size effect of the TiO 2 film on the photocurrent based on the same film thickness. The mean particle size was evaluated from SEM images. Various mean particle sizes from 32 to 72 nm were prepared by the changing sputtering power from 60 to 300 W. Theoretically, the smaller mean particle size has a larger specific surface area to obtain a higher photocurrent, but changing sputtering power not only varies surface particle size but also film orientation and crystallinity ͑in Fig. 2a͒ . When mean particle size decreased from 51 to 32 nm, the film orientation transferred from ͑112͒ to ͑101͒ simultaneously. From an electrontransfer point of view, the ͑112͒-oriented anatase with columnar structure provided a lower resistance of the grain contact than that of the ͑101͒-oriented anatase with irregular structure ͑in Fig. 6͒ . Instead of increasing photocurrent, smaller mean particle size resulted in lower photocurrent due to ͑101͒ film orientation and poor crystallinity. The optimal mean particle size was about 50 nm.
Film thickness.- Figure 12 shows the relationship between the film thickness and the TiO 2 /ITO electrode photocurrent. The optimal photocurrent was found using electrodes of 1.2 m thickness. Various TiO 2 film thicknesses were obtained by changing the deposition time under the same conditions: pure oxygen atmosphere 6.4 ϫ 10 Ϫ2 mbar and 240 W power. The photocurrent increased with film thickness up to 1.2 m. This occurred because the surface area was not great enough to absorb the photoenergy in the porous film. However, a film thickness greater than 1.2 m produced a larger electric resistance in the TiO 2 film. Reduced electron transport occurred in the thicker TiO 2 film when a bias potential was applied to suppress photoexcited electron and hole recombination. Therefore, optimal TiO 2 thickness appeared when bias potential was applied.
In summary, TiO 2 /ITO electrodes were prepared using reactive sputtering with varying conditions of deposition time, sputtering power, total pressure, and oxygen mole percentage. These parameters are summarized in Table I . Physical properties such as thickness, crystal structure, grain size, mean particle size, and bandgap energy in the TiO 2 film are listed. At the same thickness ͑entries 5-10͒, the optimal mean particle size was approximately 50 nm. The ideal thickness was 1.2 m based on a 50 nm mean particle size ͑entries 1-4͒. Based on the same thickness, the quantum size effect ͑blue shift of absorption edge wavelength͒ was observed when the grain size was smaller than 22 nm ͑entries 5, 6, and 14͒. If the grain size was larger than 22 nm ͑entries 8-11͒, the bandgap energy approached 3.2 eV, which was close to the value of bulk TiO 2 .
As shown in Table I , the photocurrent of the ͑112͒-preferred orientation TiO 2 ͑entry 3, 505 A cm Ϫ2 ͒ was about twofold higher than that ͑entry 11, 253 A cm
͒ of the ͑101͒-orientation TiO 2 based on the same film thickness and mean particle size. The photocurrent activity of TiO 2 was related to the crystal phase, active surface area, bandgap energy, etc. All these parameters affect the photoexcitation, recombination between electron and hole pairs, and surface interaction with the reactant. 22, [32] [33] [34] As shown in Fig. 13 , schematic diagrams, which represented two types of nanostructure of TiO 2 films on the ITO anode, were established to illustrate the difference in the photocurrent performance. For ͑112͒-preferred orientation anatase ͑Fig. 13a͒, the crystal is grown in the outward direction normal to the anode surface and forms the columnar structure. The neighboring crystals contact each other tightly. Most TiO 2 columns contact with the surface of ITO anode well and the other ends immerse in solution. After the generation of electrons and holes by photoexcitation, electrons migrate in the TiO 2 film from surface to the anode. The barrier for transfer of electrons in columnar structure mainly within a single crystal is small. For ͑101͒-preferred orientation anatase ͑Fig. 13b͒, the film was composed of irregular grains with random directional growth. The interfaces among these grains impede the transfer of electrons, resulting in the decrease of photocurrent. Transferring electrons over the interface barrier in an irregular or grainy structure was more difficult. The columnar structure was beneficial for transferring electrons from the irradiation surface to the surface of the ITO anode. Effective electron transfer can promote the separation of photoexcited electrons and holes, leading to reduced recombination. Therefore, a higher photocurrent was observed at the ͑112͒-preferred orientation anatase electrode with a regular column structure. 
Conclusions
Nanocrystalline TiO 2 /ITO electrodes were prepared using reactive sputtering from a Ti target in Ar and O 2 gas mixture atmosphere. The photocurrent activities of the prepared TiO 2 electrodes were estimated by altering the sputtering power, total pressure, and oxygen mole percentage. The optimal photocurrent was obtained at a thickness of approximately 1.2 m with a mean particle size of approximately 50 nm. The quantum size effect ͑blue shift in the bandgap energy͒ was observed when the grain size was smaller than 22 nm. The preferred orientation anatase region for ͑101͒ and ͑112͒ was determined in the phase diagram defined by the total pressure and sputtering power. The ͑112͒-preferred orientation anatase had a higher photocurrent than ͑101͒-orientation anatase due to the ͑112͒-orientation anatase having a more regular columnar structure that was beneficial to electron transfer.
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